We present the result of an ab initio search for new Dirac materials among inverse perovskites. Our investigation is focused on the less studied class of lanthanide antiperovskites containing heavy f -electron elements in the cation position. Some of the studied compounds have not yet been synthesized experimentally. Our computational approach is based on density functional theory calculations which account for spin-orbit interaction and strong correlations of the f -electron atoms. We find several promising candidates among lanthanide antiperovskites which host bulk Dirac states close to the Fermi level. Specifically, our calculations reveal massive three-dimensional Dirac states in materials of the class A3BO, where A=Sm, Eu, Gd, Yb and B=Sn, Pb.
I. INTRODUCTION
Dirac materials (DMs) is a growing class of materials which exhibit a linear, Dirac-like spectrum of quasiparticle excitations [1] . Examples of DMs that have attracted particular attention in the past decade include graphene [2] , three-dimensional (3D) topological insulators (TIs) [3, 4] , topological crystalline insulators (TCIs) [5] , and the newly discovered three-dimensional DMs such as Dirac [6] and Weyl semimetals [7, 8] . Over the past several years, it has been suggested that a new subclass of DMs can be found in cubic antiperovskite materials [9] [10] [11] [12] [13] Antiperovskites, or inverse perovskites, are inorganic compounds with a perovskite type structure in which the positions of cations and anions are interchanged. The typical structure is A 3 BX, where A is an electropositive cation, B is a divalent metallic anion and X is a monovalent anion i.e. the position of A and X are reversed compared to ordinary perovskites. Antiperovskites have a great potential for electronic, magnetic and thermoelectric applications [14] .
Regarding the search for DMs, much focus has been on antiperovskite oxides with a simple cubic structure, A 3 BO, where A is an alkaline earth metal such as Ca, Ba, or Sr. The prototypical example is Ca 3 PbO which was proposed as a potential DM in a number of studies [10] [11] [12] [13] . Recently, superconductivity has been reported in a similar compound, the antipervoskite Dirac-metal oxide Sr 3 SnO with hole doping [15] . There has been an increasing interest in other antiperovskite materials. A group of nitride antiperovskites with a common structure A 3 BiN, where A=Ca, Ba, Sr has been predicted to be 3D TIs when subject to properly designed uniaxial strain [10] . A recent density functional theory (DFT) based study of a larger class of alkaline earth pnictides A 3 BX, where A=Ca, Ba, Sr and B, X=N, P, As, Sb, Bi found several materials that can be driven into topological phases by properly engineered strain [16] . A promising candidate is Ca 3 BiP which is a topological semimetal without strain but can be driven into a 3D TI or a Dirac semimetal phase.
The nature of the Dirac states in antiperovskite materials predicted so far has been studied from different viewpoints. Initially, the data mining search based on electronic structure calculations performed in Ref. [9] identified Ca 3 PbO (and similar compounds, A 3 BO, A=Ca, Ba, Sr and B=Sn, Pb) as a possible 3D TI. More specifically, it was suggested to be a strong 3D TI based on apparent band inversion at the Γ point. The band inversion was confirmed in other studies [10, 12, 17] . However, despite the band inversion, the product of parities of the bands at time-reversal invariant momenta remains the same with or without spin orbit coupling (SOC). Therefore, based on the parity criterion [18] , strain free Ca 3 PbO is a trivial insulator. Properly engineered uniaxial strain can change the ordering of the inverted bands, turning the material into a 3D TI, similarly to Ca 3 BiN [10] . In the absence of strain, the Ca 3 PbO family was predicted to be TCI with unusual surface states with open Fermi surface similar to Weyl semimetals [12, 13] . At the same time, it was suggested that Ca 3 PbO is a massive 3D DM, with Dirac nodes occurring in the 3D Brillouin away from any high-symmetry point [11, 17, [19] [20] [21] .
In fact, the topological gap at Γ and the 3D Dirac states away from Γ may coexist in these materials. Based on topological band theory, Hsieh et al. [12] showed that the band inversion at the Γ point, responsible for the TCI phase in Ca 3 PbO, leads to the appearance of a gapped node (avoided crossing) along the Γ-X direction of the 3D Brillouin zone. This feature was studied in detail by Kariyado and Ogata [11, 17] using a combination of ab initio and tight-binding methods. In particular, it was shown that these states can be described as massive Dirac fermions. Photoemission experiments are required to verify these theoretical predictions.
More recent theoretical work has predicted the existence of Dirac nodal lines in materials with weak SOC, which can be realized in some antiperovskite compounds [22, 23] . Specifically, Yu et al. [22] found that in the absence of SOC, Cu 2 PdN is a nodal-line semimetal with three nodal circles due to cubic symmetry. Nodal lines originate from the band inversion at the R point of the 3D Brillouin zone and are protected by time reversal and inversion symmetries [24] . Inclusion of SOC drives the system into a Dirac semimetal phase with three pairs of Dirac nodes. Similar conclusions were found by Kim et al. [23] for a more general case of Cu 2 N doped with non-magnetic transition metal atoms, i.e. in Cu 3 X x N (antiperovskite structure) with X=Ni, Cu, Zn, Pd, Ag, Cd. In particular, two maximally-doped cases, Cu 3 PdN and Cu 3 ZnN were studied with effective Hamiltonian and ab initio methods, demonstrating bulk Dirac nodal lines and nearly-flat surface states.
We note that the existence of nodal lines is not a universal property of anitiperovskites. Since it requires vanishing or weak spin-orbit interaction, it is not realized in compounds containing elements with very large atomic numbers. On the other hand, band inversion at time reversal invariant momenta and the occurrence of nodes along adjacent symmetry lines is a common feature. Unlike in 3D TIs, the band inversion in antiperovskites is not due to SOC but can be induced by changing the lattice constant or the chemical elements. The details of the electronic structure, such as the character of the inverted bands and the position of the Dirac nodes are material specific.
In this work we focus on the scarcely studied group of lanthanide antiperovskite oxides, A 3 BO, where A=Sm, Eu, Gd, Yb and B=Sn, Pb. Among published work, Yb 3 SnO and Yb 3 PbO were predicted to be 3D TIs [9] . Based on electronic structure calculations, we find that this group of compounds is characterized by massive Dirac nodes in the 3D Brillouin zone. The most interesting candidates are Eu 3 SnO, Eu 3 PbO, Yb 3 SnO and Yb 3 PbO which have Dirac states near the Fermi level. Among these materials, Yb 3 PbO is the most promising for further studies and applications since the Dirac states are isolated from other bands. The origin of the 3D Dirac states is similar to the case of Ca 3 PbO. Our DFT calculations show that most of the considered lanthanide antiperovskites possess a finite magnetic moment due to unpaired f -electrons in their outer shells. This offers intriguing possibilities of combining magnetism and Dirac fermion physics in pristine materials without doping or proximity effects.
The paper is organized as follows. In Sec. II we provide computational details. Section III reports the outcome of our ab initio search for DMs among lanthanide antiperovskites. Namely, we summarize the results of electronic structure calculations for the materials of this class in the bulk phase. Several candidates displaying Dirac states are identified. The electronic structure of the most promising candidates with isolated Dirac cones near the Fermi level are discussed in more detail. We also analyze the character and the possible origin of the Dirac states using a specific example of Yb 3 PbO. Finally, we draw some conclusions in Sec. IV.
II. METHODS
We performed DFT calculations using the fullpotential all-electron linearized augmented plane-waves method as implemented in the Wien2k ab initio package [25] . The Perdew-Burke-Ernzerhof generalized gradient approximation (PBE-GGA) [26] is used for the exchange correlation functional. For lanthanide antiperovskites, the GGA+U method was used to account for local correlations at the cation site. We choose U=7 eV in our calculations which is within the commonly accepted range for rare earths [27] . We used 126 non-equivalent k-points in a 10 × 10 × 10 mesh of the first Brillouin zone for self-consistent calculations. SOC is included in all calculations as it can not be ignored in heavy-element compounds.
Geometry optimization was performed to find the equilibrium lattice constant, which is particularly important for compounds for which no experimental structural data is available (Sm 3 SnO, Sm 3 PbO, Gd 3 SnO, Gd 3 PbO). The results of structural (volume) optimization together with experimental (estimated or observed) lattice constants for lanthanide antiperovskites are presented in Table I . For compounds that have been synthesized and for which structural data can be found in the literature (Eu 3 SnO, Eu 3 PbO, Yb 3 SnO, Yb 3 PbO), the DFT optimized lattice constants are close to experimental values. We use experimental lattice parameters [28, 29] for the existing lanthanide antiperovskites, as well for the test data set of alkali antiperovskites [29, 30] . 
III. RESULTS AND DISCUSSION
We use the well studied Ca 3 PbO group of antiperovskite oxides containing alkali metals as a test set for our ab initio search. The results are summarized in Table II [see also the electronic structure for Ca 3 PbO in Fig. 2(a,b) ]. The table includes information on the presence (+) or absence (-) of Dirac nodes according to our DFT electronic structure calculations, as well as the availability of structural data (synthesis), and references to previous theoretical work with a brief note on the predicted character of the Dirac states.
Our results for the Ca 3 PbO family are in agreement with Kariyado and Ogata [11] . Namely, we find gapped nodes formed by linearly dispersing bands along the Γ-X direction in all compounds of this group. The nodes are located at the Fermi level. In Ba 3 SnO and Ba 3 PbO, there are other states crossing the Fermi level thus obscuring the Dirac states. The results also largely agree with Hsieh et al. [12] , with the possible exception of Ca 3 SnO. [11] (3DDM), [12] (TCI) Sr3PbO + [28] [29] [30] [9](3DTI), [10] (3DTI+strain), [11] (3DDM), [12] (TCI) Sr3SnO + [28] [29] [30] [9](3DTI), [12] (TCI)
We now focus on lanthanide antiperovskite oxides. The results of the electronic structure calculations for this group of materials are summarized in Table III , where we also include the information on the value of the calculated magnetic moment (for lanthanide atoms in the unit cell). The available experimental and theoretical literature is considerably more scarce compared to the Ca 3 PbO family. Structural data is available for Eu 3 BO and Yb 3 BO (B=Sn, Pb), while for Sm 3 BO and Gd 3 BO (B=Sn, Pb), we use the lattice constant obtained from DFT (see Table I ). We note that Yb 3 BO (B=Sn, Pb) was classified as a potential TI by Klintenberg et al. [9] .
Our calculations reveal gapped 3D Dirac nodes in Eu 3 SnO, Eu 3 PbO, Yb 3 SnO and Yb 3 PbO along the Γ-X direction of the 3D Brillouin zone. The calculated bandstructures of these materials are presented in Fig. 1 not show any sizable magnetic moment (this is expected since Yb has a fully filled f -shell). Finally, we comment on the possible origin of bulk Dirac states in these materials. For this we compare the character of the low energy states for the typical alkali antiperovskite oxide Ca 3 PbO and a representative example of lanthanide antiperovskite oxides Yb 3 PbO (see Fig. 2 ). It was noted in Refs. [11, 17] that the low energy Dirac states in Ca 3 PbO are formed mainly by Ca 3d and Pb 6p orbitals. Among Ca 3d, the 3d x 2 −y 2 orbitals give the major contribution to the Dirac states. We have verified this picture [see the electronic structure of Ca 3 PbO with band character in Fig. 2(a,b) ].
Based on the insight from DFT electronic structure, Kariyado and Ogata [11, 17] constructed a tight-binding Hamiltonian with a basis formed by Ca d x 2 −y 2 and Pb p states, which the authors proved to be a Dirac Hamiltonian yielding 3D gapless Dirac states along the Γ-X line (there is a total of 6 nodes at equivalent points of the Brillouin zone due to cubic symmetry). It was suggested that a small gap at the Dirac node (few tens of meV's) is due to SOC and the coupling to other states away from the Fermi level i.e. Pb 5d and other Ca 3d states [17] . We have verified in our calculations that in the absence of SOC, the Dirac states are gapless. Further analysis of the DFT bands for Ca 3 PbO with SOC reveals that the two bands forming the node along the Γ-X direction belong to the same irreducible representation, Γ 7 of the C 4v double point group [see Fig. 2(a,b) ], which further justifies the avoided crossing between these bands (irreducible representation have been computed with Wien2k [25] and independently verified with QUANTUM ESPRESSO [31, 32] ).
SOC is also responsible for the band inversion at the center of the Brillouin zone which was found in Ca 3 PbO [11, 12, 17] . Since Ca d and Pb p states, which give rise to low-energy electronic states, have different parities, there exist two possible band orderings at the Γ point. In the normal ordering, the d orbitals of Ca (A position in A 3 BO) lie above the Pb p orbitals (B position in A 3 BO). However, in the presence of SOC the order is reversed, namely the top of the p bands lies above the bottom of the d bands. This band inversion signals a possible topological phase which was detected by Klintenberg et al. [9] . However, it leaves the materials a trivial insulator in the Z 2 classification of TIs because the product of parity eigenvalues remains unchanged due to the four-fold degeneracy of valence and conduction band extrema at Γ [10, 17] .
Nevertheless, the inverted band ordering is an important ingredient in the low-energy effective Hamiltonian of Ref. [17] which produces 3D Dirac states away from Γ. It was subsequently demonstrated by Hsieh et al. [12] that this band inversion leads a TCI phase described by a nonzero mirror Chern number. It was also shown that the bulk Dirac node is a direct consequence of the band inversion at Γ i.e. the band crossing on the Γ-X is absent in the trivial phase characterized by normal band ordering [12] . This is different from the band inversion at the R point in Cu 3 PdN, which involves p and d states of the metallic anion (Pd 5p states are lower than Pd 4d states). When SOC is included, Cu 3 PdN exhibits Dirac nodes along R-X and R-M directions, where the node along R-M remains gapless [22] . Similarly, the band inversion at X in Cu 3 ZnN leads to nodes along R-X and R-M [23] .
We find that the character of low energy states in Yb 3 PbO is similar to Ca 3 PbO [see Fig. 2(c,d) ]. In this case, the Dirac states are formed mainly by Yb 4d x 2 −y 2 and Pb 6p orbitals. The valence and conduction bands along Γ-X belong to the same irreducible representation, Γ 7 of the C 4v group. These are strong indications that the origin of the Dirac states in this material is similar to Ca 3 PbO. Hence, we conclude that Yb 3 PbO is characterized by massive 3D Dirac fermions at finite k and is also a potential TCI. Further theoretical and experimental work will be useful to describe bulk Dirac states and possible topological surface states due to the TCI phase in this material and other lanthanide antiperovskites with similar properties.
We also considered hypothetical structures A 3 BO, A=Gd, Sm and B=Sn, Pb, for which no experimental structural data is available to date. For these compounds, we have obtained DFT optimized crystal structures (see Table I ), however their dynamic structural stability needs to be investigated further. Although our calculations showed interesting features, including band crossings near the Fermi level, we were not able to clearly identify 3D Dirac states in these compounds. 
IV. CONCLUSION
In conclusion, we performed an ab initio search for Dirac materials among some antiperovskite oxides. Our data set includes both the Ca 3 PbO family as a test subset and the less studied lanthanide antiperovskites containing f -electron elements, some of which have not been synthesized to date. For the Ca 3 PbO family (A 3 BO, A=Ca, Ba, Sr, B=Sn, Pb), our electronic structure calculations show gapped 3D Dirac states, which is consistent with previous theoretical work. Among the f -electron antiperovskites, we identify Eu 3 BO and Yb 3 BO (B=Sn, Pb) as 3D DMs, which display massive Dirac nodes along the Γ-X in the three-dimensional Brillouin zone. The nodes are energetically close to the Fermi level and the energy gap at the nodes is few tens of meV's. Yb 3 PbO is particularly promising as it has an isolated Dirac node at the Fermi level. We find that in addition to hosting Dirac states, Eu 3 SnO and Eu 3 PbO display a finite magnetic moment. As demonstrated previously for Ca 3 PbO family, the existence of bulk Dirac states at finite k is a direct consequence of the band inversion at the center of the 3D Brillouin zone, which gives rise to a TCI phase. Hence, the 3D DMs found among the f -electron antiperovskites may be potential TCIs.
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